N increased as nitrate was consumed during the spring/summer bloom. In contrast, the seasonal cycles of surface water suspended and sinking PN d 15 N did not fit expectations from nitrate assimilation alone. Rather than increasing, the d 15 N of surface suspended PN was relatively constant in the SAZ (at $1%), and decreased during the summer in the PFZ (from $0 to $À4%), most likely due to the production of low 15 N PN by summertime ammonium recycling. Deep sediment trap PN d 15 N also displayed seasonal decreases (from $4 to $1% in the SAZ, and from $3.5 to $0.5% in the PFZ), which correlated with PON flux magnitude. During high-flux periods, exported PN d N to nitrate depletion was observed in both the SAZ and PFZ, the sensitivity of sinking PN d 15 N to nitrate depletion was lower than expected. Moreover, the seasonal observations raise the possibility that loss of the summertime high-flux period represents an alternative explanation to increased nitrate utilization for the high sedimentary PN d 15 N observed during glacial periods.
Introduction
[2] The Southern Ocean is the largest region of the modern global ocean in which deep waters rich in nutrients and carbon dioxide (CO 2 ) are brought to the surface. The extent of outgassing of this CO 2 to the atmosphere depends on the balance between deep carbon supply and the countering export of carbon in the form of organic matter generated by phytoplankton production. Variations over time in either the dissolved inorganic carbon supply or organic carbon export have the potential to alter atmospheric CO 2 concentrations, and may have contributed to the $80 ppm lower concentrations during the Last Glacial Maximum (LGM) [Knox and McElroy, 1984; Sarmiento and Toggweiler, 1984; Siegenthaler and Wenk, 1984] . The balance between carbon supply and export is reflected by the concentration of nitrate in surface waters, because nitrogen is supplied in this form, incorporated into phytoplankton, and removed in organic matter. Thus, determining past surface water nitrate concentrations is useful to assess the role of the Southern Ocean in the control of atmospheric CO 2 .
[3] Here we examine the Subantarctic Zone (SAZ) of the Southern Ocean, where macronutrient utilization is thought to have been similar in glacial and interglacial periods, and the Polar Frontal Zone (PFZ) where, along with regions farther south, glacial nutrient utilization may have been higher [Francois et al., 1997] . In the modern ocean, the SAZ and PFZ are year-round sinks for atmospheric CO 2 [Metzl et al., 1999; Poisson et al., 1993] and have an ample supply of nitrate and phosphate [Lourey and Trull, 2001] . Both regions are characterized by low concentrations of iron in the surface waters [Sedwick et al., 1997 [Sedwick et al., , 1999 , which is thought to limit primary productivity [Boyd et al., 2000 Hutchins et al., 2001] . The SAZ is an area of greater seasonal nutrient depletion than the PFZ [Lourey and Trull, 2001] although modeled nutrient resupply is higher in the PFZ, suggesting that export production may be higher there than in the SAZ [Wang et al., 2001] . The two regions display distinctly different planktonic communities, with cyanobacteria, dinoflagellates, and cocolithophores common in the SAZ and diatoms dominating the PFZ [Odate and Fukuchi, 1995; Wright et al., 1996; Popp et al., 1999] . The source of nitrate to the two regions also differs to some degree. The PFZ receives its nitrate from upwelled deep waters, but in the SAZ supply comes from both the Subantarctic thermocline water (via deep winter mixing) and from the PFZ waters which are advected northward across the Subantarctic Front (SAF) [Rintoul and Trull, 2001; Sigman et al., 1999a] .
[4] The isotopic composition of particulate nitrogen (PN) has been proposed as a proxy for surface water nitrate utilization (the fraction of supplied nitrate removed by export) [Francois et al., 1992; Altabet and Francois, 1994a , 1994b Farrell et al., 1995] . On the basis of the observation of 1-4% higher PN d 15 N in Southern Ocean LGM sediments compared to the interglacial, it has been suggested that greater nitrate utilization did occur during the LGM [Francois et al., 1992 [Francois et al., , 1993 Sigman et al., 1999b] 14 N reference ) À 1) Â 1000, where the reference is atmospheric N 2 ). However, other proxies for nutrient status, the Cd/Ca and 13 C/ 12 C of foraminiferal calcite in particular, do not agree with the increased LGM nutrient utilization hypothesis [Sigman and Boyle, 2000] , and none of these paleoceanographic proxies is well understood.
[5] The preferential assimilation of 14 N-nitrate by phytoplankton yields organic N that is depleted in 15 N relative to the nitrate from which it was formed. As a result, this assimilation causes the surface nitrate pool to become progressively enriched in 15 N as nitrate concentration decreases [Wu et al., 1997; Sigman et al., 1999a] . In turn, plankton consume this 15 N-rich nitrate, resulting in a concurrent increase in the 15 N/ 14 N ratio of the phytoplanktonderived organic N [Waser et al., 1998 ]. Thus higher nitrate utilization yields higher PN d 15 N. This signal, generated in the surface ocean, appears to be propagated to seafloor by sinking PN, yielding the connection between nitrate utilization and the N isotopic composition of sediments [Francois et al., 1992; Altabet and Francois, 1994a , 1994b Farrell et al., 1995] .
[6] In this paper, we examine the modern relationships between nitrate utilization and the nitrogen isotopic compositions of nitrate, suspended PN, and deep sinking PN in the Subantarctic (SAZ) and Polar Frontal Zones (PFZ) south of Australia, over the September to March austral season of phytoplankton production and particulate organic matter export. We compare the d 15 N of nitrate, surface suspended PN, and sinking PN with expectations derived from estimates of nitrate depletion [Lourey and Trull, 2001] [7] The discrepancy relative to surface suspended PN is most likely due to ammonium-based phytoplankton production, which is an important process in Southern Ocean surface waters [e.g. Glibert et al., 1982; Koike et al., 1986; Sambrotto and Mace, 2000; Elskens et al., 2002] and has been shown previously to alter the nitrogen isotope dynamics of surface particles [Altabet, 1988] . Ammonium assimilation appears to have a large isotope effect [Pennock et al., 1996; Waser et al., 1999] , but there is typically a steady state between ammonium production and consumption, so the isotope effect of ammonium uptake is probably rarely expressed in the open ocean. Rather, fractionation during deamination is considered to be the major player in isotope dynamics. Because of fractionation during deamination [Checkley and Miller, 1989; Altabet and Small, 1990] , zooplankton release low-d 15 N ammonium, causing their bodies and faecal pellets to be enriched in 15 N. As these faecal pellets represent an important mechanism of export, this processing preferentially exports high-d 15 N nitrogen from the surface ocean, leaving low-d 15 N ammonium to be reconsumed by phytoplankton, thus causing a gradual decline in d 15 N of surface suspended PN [Altabet, 1988] . We argue below that this effect of ammonium recycling is clear in the seasonal changes of surface PN in the PFZ, and it may also play a role in the SAZ.
[8] While this process can alter the seasonal progression in suspended and sinking PN d 15 N relative to nitrate assimilation alone, it is unlikely to alter the annually integrated d 15 N of the sinking flux. Ammonium is itself generated from nitrate (i.e., there is no external source of ammonium). Moreover, there does not appear to be much export of either ammonium or non-sinking nitrogen from the surface ocean at the end of the season (R. Watson, unpublished data, 1995 Watson, unpublished data, , 1997 (admitting that dissolved organic nitrogen has not yet been fully studied). Thus, over adequately long timescales (e.g., from winter to winter), there must be an isotopic mass balance between nitrate consumption in the surface ocean and the sinking PN out of the surface ocean. If this logic is correct, then neither the annually integrated d 15 N of sinking PN nor the d 15 N of sedimentary PN should be impacted by ammonium recycling in the surface ocean. As we describe below, our data are consistent with this conclusion.
[9] The seasonal pattern that is more disturbing with regard to paleoceanographic applications involves the sinking flux of PN. The d 15 N of sinking PN during the high-flux summer period is in reasonable agreement with expectations from nitrate utilization; however, the low flux (i.e., nonsummer) period is higher in d N of glacial Antarctic sediments be due to the loss, during glacial times, of the summer period of high production and rapidly sinking particles?
[10] The answer depends on the origin of modern seasonal pattern. Once the PON leaves the mixed layer (or system over which the mass balance comparison is being made), it is altered within the water column and during sedimentary diagenesis. These effects cannot be swept into the mass balance box, and thus must be either small or constant with time in order for the PN d
15 N proxy to function. It is clear that particle modification by postproduction processes such as microbial decomposition and heterotrophic scavenging have a major impact on PN d 15 N. Isotopic fractionation during bacterial remineralization releases dissolved nitrogen that is depleted in 15 N, leaving the remaining particulate matter enriched in 15 N [Saino and Hattori, 1980; Altabet, 1988] . The increase in PN d 15 N as a result of water column and sedimentary remineralization is considerable. Isotopic differences observed between the shallow sinking PN and sediment-core tops are of a similar magnitude to the glacial-interglacial differences [Altabet and Francois, 1994a; Francois et al., 1992] .
[11] The wintertime 15 N enrichment in the sinking flux may be due to intense bacterial reworking of particles with a long residence time in the water column (such that it is transitional between suspended and clearly sinking material) [Saino and Hattori, 1980; Altabet, 1988] . If so, the higher PN d 15 N of LGM sediments could possibly be attributed to greater modification by post-production processes, associated with the shift to lower export fluxes [Mortlock et al., 1991; Kumar et al., 1993] . One argument can be made against the scenario of PN isotope/nitrate utilization decoupling during the LGM. Nitrogen isotope measurements of diatom-bound organic matter (a pool that is presumably inaccessible to early bacterial diagenesis) show an increase into glacial-age sediments that is similar to that in bulk sediments [Sigman et al., 1999b; Crosta and Shemesh, 2002] . However, there has been scarcely any work ground-truthing the use of diatom-bound d 15 N [Sigman et al., 1999b] , and none of this work involved measurements of the modern sinking flux.
[12] It is also possible that the observed seasonal change in sinking PN d 15 N is driven by changes in the isotope effect of nitrate utilization. Oceanic data suggest an isotope effect of 5 to 10% for this process, with most estimates closer to 5% but with variability within and among individual studies [Altabet, 1988; Altabet and Francois, 2001; Altabet et al., 1999; Sigman et al., 1999a; Wu et al., 1997; Karsh et al., 2003] . Fractionation in cultures is even more variable [e.g., Montoya and McCarthy, 1995] , with isotope effect estimates as low as 2% and as high as 20%. It is plausible that the isotope effect is $4% lower during the unproductive (non-summer) seasons than during the productive summer season, explaining our observation of a sinking flux that is $4% higher during those seasons. If this seasonal difference also existed in the glacial Southern Ocean, and if glacial conditions were characterized by a minimal high-flux period, then it may provide an alternative explanation for the glacial 15 N enrichment in sediments without an increase in nitrate utilization. In contrast to a diagenetic change, this possibility is completely compatible with the diatom-bound nitrogen isotope results [Sigman et al., 1999b] . The possibility of changes in the isotope effect on glacial to interglacial timescales has been reinforced by a recent study of PN d 15 N composition during the Southern Ocean Iron Release Experiment (SOIREE) that suggests that apparent isotopic fractionation can vary with iron availability, phytoplankton size, or with ecosystem driven variations in the phytoplankton species reaching the sediments [Karsh et al., 2003 ].
Materials and Methods

Sample Collection
[13] Near-surface ($5m) water samples were collected for d 15 N of nitrate from October-December 1998 (AU9804), from July -September 1999 (AU9901) and in February of 1999 (SS9902) along transects south of Australia in the vicinity of 140°E. Data collected in the vicinity of 47°S and 54°S are presented here. Water column profile samples were collected from 47°S and 54°S during March 1998 (AU9706). Suspended particulate organic nitrogen samples were collected at the surface from six north-south cruises between September 1997 and March 1998. During the first five cruises, September (AU9701), November (AU9702), December (AU9703), January (AU9704), and February (AU9705), samples were collected while the vessel was underway. Samples from the sixth cruise in March (AU9706) were collected while the vessel was on station and are thus representative of a much smaller area. For each sample, between 50 and 1300 L of seawater was filtered through a precombusted 142 mm GF/F glass fiber filter from the shipboard uncontaminated seawater supply (intake $5 m). Filters were stored frozen, folded in plastic bags. In combination these samples allow us to formulate a seasonal progression of surface water particulate nitrogen during the sediment trap deployment period. The destination of each cruise varied so samples were collected on a number of different transects ( Figure 1 ) and formulation of a seasonal progression relies on the assumption of zonal homogeneity. Each cruise emanated from Tasmania, so northern stations were less widely distributed than stations in the south (Figure 1 ). In any case, the Antarctic circumpolar current continually transports water from the west to the east, so it is not possible to focus on discrete parcels of water.
[14] The sediment trap program and analytical procedures are discussed in detail elsewhere . Briefly, six, 21-cup, Parflux (0.5m 2 ) sediment traps [Honjo and Doherty, 1988] were deployed from September 1997 to February 1998, at three depths (1060, 2050, and 3850 m) in the SAZ (47°S), one depth (3080 m) under the SAF (51°S) and two depths (830 and 1580 m) in the PFZ (54°S) along 140°E. Deployment sites and cup rotation intervals are presented by Trull et al. [2001] . Sample cups were filled with unfiltered seawater collected from 1200 m and spiked with a 5 g/L sodium chloride solution to increase density, a 1 g/L sodium tetraborate buffer, and a 3 g/L mercuric chloride biocide. The traps were recovered in March 1998 and the solutions in the cups allowed to settle. Supernatant was removed and the sample passed through a 1-mm screen to remove swimmers. Samples were then split into 10 fractions using a rotary splitter. Total mass flux was determined from seven of the splits that were dried and weighed. Three of these splits were then ground for analysis of particulate components.
[NO 3
À À ] and PN Analyses
[15] Nitrate + nitrite in water samples, hereinafter referred to as nitrate, was determined using a segmentedflow autoanalyzer and standard techniques [Strickland and , 1972; Eriksen, 1997] . Particulate nitrogen was determined using a CHN analyzer.
Parsons
The D 15 N Analyses
[16] Nitrate d 15 N was measured by the bacterial conversion of nitrate to N 2 O, followed by N 2 O isotope analysis by gas chromatography-isotope ratio mass spectrometry using a modified ThermoFinnigan GasBench II and Delta Plus (the ''denitrifier'' method [Sigman et al., 2001; Casciotti et al., 2002] ). For PN d 15 N analyses on the sediment trap material, one of the dried splits was acidified with 2 Â 250 mL aliquots of 25% HCl to remove carbonates and dried overnight at 60°C. Samples were then resuspended in deionized water and redried overnight (60°C) to remove all traces of the HCl. Dried sediment subsamples were dispensed into pre-cleaned, light-weight tin cups. For the suspended surface water organic matter, subsamples of the GF/F filters were dispensed directly into pre-cleaned tin cups and dried at 60°C. PN d 15 N was determined by elemental analysis (Fisons NA 1500)-isotope ratio mass spectrometry (Finnigan MAT Delta S), under standard conditions (filters) or modified for improved accuracy and precision for low levels of nitrogen (trap samples) [Karsh et al., 2003] . Results are presented in delta notation (%) compared to the international standard, nitrogen in air. Blank contributions (i.e., tin cups and/or filters) were negligible. The filters were run in two batches, separated by $1 month. Combustions of IAEA-N1 standard gave a precision of 0.2% (n = 20) for batch 1 and 0.35% (n = 25) for batch 2. Combustions of IAEA-N3 yielded a precision of $0.5% (n = 19 and 12) for both batches. Corrections of 0.80% for batch 1 and 0.82% for batch 2 were applied based on the IAEA-N1 results. Combustions of IAEA-N1 (n = 58) and IAEA-N3 (n = 20) working-standards on the modified configuration (as used for the trap samples) yielded standard deviations of 0.17% for both standards. For the trap samples the correction based on the IAEA-N1 was 0.02%. [Lourey and Trull, 2001] . During summer a pycnocline forms ( Figure 2 ) and biological activity depletes the nutrients in the surface layer [Lourey and Trull, 2001] . The difference between the deep and surface sections of these profiles suggests a seasonal depletion of nitrate of 5.4 and 4 mM at 47°S and 54°S, respectively, and a $4.5% and $2% increase in nitrate d 15 N at 47°S and 54°S (Figure 2 ). However, there is a difference in salinity between the deep and shallow sections of the profiles (Figure 2 ), which suggests that water mass mixing has in part contributed to the seasonal change in the concentration and d 15 N of nitrate. This effect and its significance for the interpretation are discussed below.
Results
The
[18] Our few seasonal measurements of surface nitrate d 15 N at 47°S outline a seasonal increase of up to $6% (Figure 3c ). However, the very high nitrate d (Table 1 ). In the PFZ, the mean sinking PN d 15 N for the season was $0.9 -1.6% (Table 1) .
Interpretation
[22] The data presented here allow us to test the assumptions contained within the nitrate uptake model of isotopic fractionation in the modern SAZ and PFZ, and to identify situations where the PN d 
Models of Nitrate Uptake and Supply
[23] Two simple end-member models are commonly used to interpret the isotope data of biogeochemically active elements in the ocean: the Rayleigh (or closed system) model and the steady state (or open system) model [Marriotti et al., 1981; Sigman et al., 1999a; Bender, 1990; Brandes et al., 1998 ]. The Rayleigh model assumes that the isotope effect (e) of uptake is constant and that there is no export or resupply of nitrate during the season. Under the open system model, nitrate is continuously resupplied to the summer surface waters. Aspects of both models are applicable to the SAZ and PFZ. Strong seasonal stratification in early summer limits exchange between the surface and deeper waters, and considerable seasonal nutrient depletion is evident in both zones, suggestive of the closed model [Lourey and Trull, 2001; Rintoul and Trull, 2001] . However, horizontal transport of nutrients into the mixed layer is also likely. Ekman divergence in the Southern Ocean transports high nitrate surface water equatorward, which mixes water into the SAZ from the PFZ during summer when surface waters in the PFZ and SAZ are stratified [Sigman et al., 1999a , Wang et al., 2001 . A recent modeling study suggests that such resupply is higher in the PFZ than the SAZ [Wang et al., 2001] . This transport freshens the surface waters in the zones while adding new nitrate to the system [Rintoul and Trull, 2001; Sigman et al., 1999a] , and Lourey and Trull [2001] [Sigman et al., 1999a] . Mixing from the south has a greater effect on nitrate d 15 N in the SAZ. Water supplied to the SAZ from the south comes from a different source with a Figure 3 . (opposite) Seasonal nitrate depletion at (a) 47°S in the SAZ and (b) 54°S in the PFZ derived from a number of cruises and corrected for frontal movements and water mass changes using observed quasi-linear nitrate-salinity relationships [Lourey and Trull, 2001] . Samples were collected on a number of cruises in different years, and there was considerable interannual variability in nutrient depletion. Fortunately, nitrate concentration data are available from the March 1998, AU9706 cruise (solid symbols in all plots) seasonal nitrate depletion terminating at AU9706 is provided for comparison to the time the traps were recovered (solid line in Figures 3a and 3b) N of nitrate for the depletion terminating at AU9706 was calculated using an isotope effect of 7% (solid line) and 5% (dashed line). The 5% isotope effect and 7% isotope effect lines fit the measured nitrate d 15 N data equally well in the PFZ (Figure 3d ), but the 5% isotope effect line is lower than the measured nitrate d 15 N data in the SAZ (Figure 3c ). However, resupply of water from the PFZ to the summer time SAZ, estimated using two Rayleigh models one applied to the winter data using SAZ winter time water as the source and the other applied to summer data and using PFZ surface water as the source (broken lines connected by the arrow in Figure 3c .
À ] relationship to the water carried to the surface during deep winter mixing [Sigman et al., 1999a] . In addition, the SAZ has only around 40% the nitrate of the PFZ surface waters by March. So resupply to the SAZ from the PFZ would have a large influence on the seasonal change in d
15
N of nitrate and may cause the SAZ to deviate further from the expectations derived from a closed system model than the PFZ. N of nitrate increase is around 4.5% at 47°S and $2% at 54°S (Figure 2) . However, this estimate of the seasonal increase is probably affected by water mass changes because salinity profiles demonstrate a change with depth.
[26] A seasonal cycle of nitrate d 15 N in surface waters was constructed for the SAZ and PFZ using Rayleigh fractionation kinetics [Mariotti et al., 1981] and nitrate depletion estimates that were corrected for water mass exchange using salinity [Lourey and Trull, 2001] . Nutrient depletion estimates are from 47°S for the SAZ and from 54°S for the PFZ. The isotopic variation of nitrate (d 15 NO 3 À ) for the Rayleigh model is
[27] The initial conditions we use for À ] initial of 27.5 mM in PFZ. Since the seasonal nutrient depletion was compiled from samples collected on various cruises and differences arise from interannual variations between cruises, the highest [NO 3 À ] concentration measured in the PFZ was from an October cruise rather than July. However, the difference between the July and October estimates of [NO 3 À ] is small ($1.5 mM), so choosing either October or July as the initial condition has minimal impact on our Rayleigh calculation.
[28] The nitrate depletion estimates and the corresponding expected increase in the d 15 N of nitrate (see equation (1)) at 47°and 54°S are detailed in Table 2 . These estimates consider both the maximum and minimum estimates of the observed seasonal nutrient depletion to highlight the interannual variability in the SAZ. We consider the minimum annual depletion as representative of the season of our sediment trap deployment since the nitrate concentrations measured during the March 1998 (AU9706) cruise carried out during that season (i.e., 1997-1998) were substantially higher than estimates from the other March cruise sampled. To indicate their sensitivity to the isotope effect of nitrate assimilation, estimates are derived using two different but defensible values for e, 5% [Sigman et al., 1999a] and 7% [Altabet and Francois, 2001] .
[ (Figure 6b ) are also given. Consumed nitrate d 15 N is calculated using equation (3) and a 7% isotope effect. to increase by up to 4.9%, using the highest observed nutrient depletion and the higher isotope effect estimate of 7% (Table 2 ). Our few direct measurements of surface d 15 N of nitrate at 47°S outline a seasonal increase of up to $6% (Figure 3c ), although the highest nitrate d
15 N values ( Figure 3c) were from a cruise (SS9902) not considered in Figure 3a or Table 2 . These results are not directly comparable to the maximum seasonal increase predicted in Table 2 or to the increase observed in the year of our sediment trap deployment. The nitrate concentrations of the two high nitrate d 15 N samples measured in the SS9902 cruise ($5 and 7 mM) were sufficiently low that their measured nitrate d 15 N are still consistent with Rayleigh fractionation estimates using an isotope effect of 7%. In the year of our sediment trap deployment, the predicted increase in nitrate d 15 N in the SAZ was more modest, between $2 and 2.8% depending on the isotope effect (Table 2 and Figure 3 ). This seasonal increase is well fit by data collected in the region ($3.5%; see Figure 3c ), suggesting that d 15 N of nitrate in the SAZ does vary in a manner that is consistent with expectations based on nitrate depletion. The expected seasonal change in d 15 N of nitrate in the PFZ (Figure 3 ) was around 1% or less depending on the fractionation factor employed (Table 2) , and measured d 15 N of nitrate at 54°S was consistent with this expectation, changing by <1% throughout the season (Figure 3) .
[30] While it is clear that nitrate d
N is generally consistent with seasonal fractionation by phytoplankton production and the seasonal increase in d
N of nitrate appears to be best simulated at the highest isotope effect of 7%, the data are too sparse to precisely identify the associated isotopic fractionation factor. As discussed in section 4.1, this is particularly true given the oversimplification of the Rayleigh closed system model regarding resupply of nitrate from the south. For example, taking into account significant summer mixing from the south, the seasonal cycle in the SAZ can be met at a fractionation factor of 5% [Sigman et al., 1999a] . In this case, two Rayleigh models are employed, one covering the winter section using SAZ winter values as the source conditions, the other covering the summer using surface PFZ water as the source (Figure 3c ). Treated in this way the predicted seasonal increase in d 15 N of nitrate using an isotope effect of 5% (i.e., from 7 to 11%) is consistent with the observations (Figure 3c ). 
The
The isotopic composition of the accumulated organic nitrogen pool as a given reservoir of nitrate is consumed
[32] Employing the higher estimate of the isotope effect (7%) and the full range of nitrate depletion from (Figure 3) . For the nitrate depletion in March 1998 at the time of recovery of our sediment trap deployment, the predicted increase in the SAZ is 2.9% for the instantaneous product and $1.3% for the accumulating product (Figures 3 and 4) . In the PFZ, the PN d
15
N is predicted to increase (from an initial PN d 15 N of $À0.2%) by <1% regardless of the type of product (Figures 3 and 4) .
[ N-rich ammonium and its subsequent uptake by phytoplankton [Checkley and Entzeroth, 1985; Checkley and Miller, 1989; Altabet, 1988; Altabet and Small, 1990; Nakatsuka et al., 1992; Waser et al., 1999; Kopczynska et al., 2001; Elskens et al., 2002 ]. It appears that N recycling has a dominant effect on PN d (Figure 4 ) and samples collected during high flux periods closer to the predicted instantaneous and integrated products of a Rayleigh system (Figure 4) .
[35] The high early season d 15 N is from a low flux period and may undergo greater remineralization during this period than later in the season. High early season suspended PN d 15 N has been observed previously in the Southern Ocean [Altabet and Francois, 1994b, 2001; Van Hale, 2002] . Similar reports of high PN d 15 N in the pre-bloom Subarctic Pacific [Wu et al., 1999] suggest that this phenomenon is universal in nutrient-rich polar environments.
[36] Other explanations for the high early season PN d 15 N include (1) a change in particle source region, (2) a temporal bias from varying particle residence times in the water column, or (3) ; thus export of 15 N-rich diatoms [Rau et al., 1990; Rolff, 2000; Karsh et al., 2003] does not appear to be important.
Seasonal Average
[37] The high early season PN d [Altabet and Francois, 2001] . WinterMarch nitrate utilization (u) is calculated from the seasonal change in surface nutrient concentrations corrected for water mass exchange using salinity [Lourey and Trull, 2001] (Table 2) . We are most interested in comparing the slopes of open system models with isotope effects of 5 and 7% with the trap data so we have scaled both models to start from a common point. In general the data show less dependence on utilization than expected. Part of this discrepancy may derive from variations in the initial d Figure 6a ) calculated from Lourey and Trull [2001] (Table 2 ) and the initial nitrate d 15 N was measured in the SAZ and PFZ during winter (Table 1) shows that resupply of PFZ water (evolving at an isotope effect of 6%) to the SAZ (where it then evolves at an isotope effect of 7%) would also lead to similar Dd 15 N in both zones. Similarly, remineralization (arrow ''c'') may cause Dd 15 N to be higher than mass balance expectations in the PFZ and yield similar Dd 15 N to the SAZ (7% isotope effect). study, which also indicated that summer and whole of season PN d 15 N were similar [Altabet and Francois, 2001 ].
[38] Mass balance dictates that the d 15 N of the consumed nitrate must be equivalent to the d 15 N of the material produced over the long term (i.e., over a whole productive season). The Rayleigh accumulated product equation for the period can be used as an estimate of the d 15 N of the consumed nitrate. Seasonally averaged, the accumulated product d
15 N for March 1998 (i.e., the year of our sediment trap deployment) is predicted to be $2.3% in the SAZ and $0.2% in the PFZ (Table 1) [39] Consistent with expectations based on fractional nitrate utilization, the flux weighted average PN d 15 N of deep sinking material in the SAZ (2 -3%) at a nitrate utilization of $33% was higher than in the PFZ (0.9 -1.5%) at $12% utilization (Figure 6a ). This is in contrast to the AESOPS data [Altabet and Francois, 2001] , where PN d (Figure 6b ). In contrast, scaling our data in the same way suggests that Dd 15 N PN in the SAZ and PFZ are similar, despite considerable differences in fractional nitrate depletion (Figure 6b ). The overall relatively poor correlation of Dd 15 N PN with nitrate depletion (Figure 6b ) may partly result from the choice of initial conditions, particularly in the SAZ, where there is evidence for a seasonal change in the route of nitrate supply (Sigman et al. [1999a] ; sections 4.2 and 5.4). This and other possible regions for the apparent deviations from expectations are considered below.
Depth Changes
[40] The d 15 N of suspended particulate nitrogen generally increases with depth below the euphotic zone [Saino and Hattori, 1980; Altabet, 1988] . However, the mean d 15 N of PN in the shallower sediment traps in both the SAZ (at 1060 m) and the PFZ (at 830 m) were higher than the deeper (>1580 m) traps (Table 1) . A shorter sediment trap deployment (24 days) at 60°S found that d 15 N of sinking PN increased between 690 m (À0.5%) and 1330 m (0.86%) but then also decreased, to À1.2% at 2330 m and À3.0% at 3130 m [Wada et al., 1987] . The AESOPS program also found that average PN d 15 N at $1000 m (0.8%) was higher than at $1850 m (À0.1%) at 66°S, although mean PN d
15 N values at $1000 and 4200 m were the same at 57°S (1.1%) [Altabet and Francois, 2001] . Similar variations in sinking particles with depth in the North Atlantic [Altabet et al., 1991] indicates that this phenomenon is not restricted to the Southern Ocean. The reason for this decrease in mean sinking PN d 15 N with depth is uncertain. It occurs for both the full season and the summer-only (December -March) averages (Table 1) , and is thus not related to the spring period of arrival of high d 
Discussion
[41] The seasonal changes in sinking PN d 15 N are not well described by nitrate utilization alone. In particular, the winter sinking PN d 15 N is higher than expected for nitratebased export. These seasonal deviations in the nitrate utilization/N isotope link are not necessarily a problem for the application of the PN d 15 N paleo-proxy because it is the annually integrated flux that is recorded in seafloor sediments. However, changes in the seasonal cycle over glacialinterglacial timescales may accentuate the isotopic effects of the non-productive (winter) season, thus the causes for the wintertime ''discrepancy'' from the utilization model are potentially important for the long term stability of the utilization/isotope link. The annually integrated sinking PN d
15 N also appears to deviate somewhat from our simple nitrate utilization models. The mechanisms and routes of nitrate supply to the Subantarctic are not yet well characterized, and a more complete understanding of these processes may explain these ''deviations.'' Nevertheless, we should consider whether there is a connection between the seasonal deviations from the nitrate utilization-driven isotope dynamics and the apparent deviations we observe in the annually integrated sinking flux d 15 N.
Nitrogen Recycling
[42] As described above, N recycling appears to have a dominant influence on surface suspended PN d 15 N and its seasonal cycle. However, the isotopic effect of N recycling probably does not violate the nitrate utilization/N isotope link in the Southern Ocean. The ammonium is itself generated from nitrate and it does not accumulate over the year, neither is it exported from the surface in significant quantities. Thus, provided that the isotopic mass balance between nitrate consumption and PN production is applied over sufficiently long timescales (e.g., winter to winter) so that there is no net change in ammonium concentration, the assimilation of ammonium by phytoplankton [Knapp and Sigman, 2003] . In addition, sparse data from the Southern Ocean suggest that DON concentrations are low [e.g., Ogawa et al., 1999] , and it has been suggested that this region exports little dissolved organic matter [Hansell and Carlson, 2001] .
Remineralization
[44] Particle modification by microbial decomposition and heterotrophic scavenging may have implications for the application of PN d 15 N as a proxy. Around 97% of the nitrate assimilated into organic matter in the mixed layer is remineralized above our shallowest trap [Lourey and Trull, 2001; Trull et al., 2001] . Remineralization of deep sinking material has the potential to alter the PN d 15 N of fixed material, and a d 15 N increase of 3 -5% has been observed from shallow sinking PN to the underlying sediment [Altabet and Francois, 1994a; Francois et al., 1992] . When bulk sediment d 15 N is used as a measure of the past sinking flux d 15 N, these offsets are assumed to have been constant through time.
[45] However, the seasonal decrease in PN d [Francois et al., 1992 [Francois et al., , 1993 Sigman et al., 1999b] . At present, diatom-bound organic matter d 15 N (i.e., PN protected from bacterial diagenesis) variations suggest the glacial-interglacial variations derive from changes in nitrate utilization rather than trophic effects [Sigman et al., 1999b] . However, this will not be answered definitively until further validation of the d 15 N diatom bound organic matter is carried out using the modern PN flux.
[46] Spatial differences in the magnitude of mid-water remineralization between regions may explain why the PN d 15 N in the PFZ exceeds mass balance expectations, leading to the similarity in PN Dd 15 N between the PFZ and SAZ. For instance, organic matter dominated by diatoms (as is the case in the PFZ) may be more labile and prone to remineralization at mesopelagic depths than material from regions were carbonate-based production is more common , potentially leading to greater isotopic alteration. This possible ecosystem effect is a central issue in assessing bias, because both utilization and ecosystems tend to vary systematically with latitude in the Southern Ocean.
Community Changes in the Isotope Effect
[47] The application of sedimentary PN d 15 N as a proxy for nitrate depletion relies on the assumption that the isotope effect of nitrate assimilation has been consistent through time. Alternatively, a lower isotope effect during the LGM could account for the higher LGM sedimentary d 15 N, otherwise attributed to higher LGM nitrate depletion. Changes in the apparent isotope effect on glacial to interglacial timescales may be associated with variations in iron availability, phytoplankton size, or with ecosystem driven variations in the phytoplankton species reaching the sediments [Karsh et al., 2003] . The contribution of sea-ice algae, which may have a high d 15 N [Rau et al., 1991] N observed here could be driven by changes in isotopic fractionation (e) between the low and high production periods. A lower isotope effect during the unproductive (winter) season may explain our observation of a sinking flux that is $4% higher during the productive summer season. Glacial periods characterized by more sea ice cover and a reduced high-flux summer period may have been characterized by a lower isotope effect for nitrate assimilation, once again providing an alternative explanation for the glacial 15 N enrichment in sediments. In contrast to a diagenetic change, this possibility is completely compatible with the diatom-bound nitrogen isotope results [Sigman et al., 1999b] .
[49] Community-based differences in the isotope effect of nitrate assimilation between regions may also explain why PN d 15 N fails to balance with the Rayleigh product in the PFZ and why PN Dd 15 N is similar between the SAZ and PFZ. The SAZ and PFZ have considerably different planktonic assemblages, with small cyanobacteria, dinoflagellates and cocolithophores common in the SAZ and larger diatoms dominating the PFZ [Odate and Fukuchi, 1995; Wright et al., 1996; Popp et al., 1999] . Karsh et al., [2003] showed that differences in the isotope effect may be (at least partially) related to cell size. If the PFZ plankton community were characterized by an isotope effect of 6% and nitrate depletion of 0.13, it will exhibit a PN Dd 15 N of $À5.6%. This is very similar to the PN Dd 15 N of À5.65% expected at a higher nitrate depletion of 0.34 and an isotope effect of 7%, such as might characterize the SAZ (Figure 6c ). Our mass balance comparisons in Table 2 used a Rayleigh accumulated product estimate calculated for an isotope effect of 7%. If the PFZ community assimilates nitrate with an isotope effect of 6% instead of 7%, then the Rayleigh accumulated product would be $0.9% higher, and thus fairly close to the observed PN d 15 N. While we would not argue that this is necessarily the correct explanation, this comparison shows the importance of the isotope effect in all calculations relating to the d 15 N of sinking PN, today and in the past.
Open Versus Closed System Nitrate Supply
[50] Ekman divergence transports high nitrate surface water northward into the surface SAZ from the PFZ and into the surface PFZ from the AASW [Sigman et al., 1999a , Wang et al., 2001 [51] However, the magnitude of nutrient resupply to the surface waters may at least partially explain the observed deviations from mass balance and absence of an increase in PN Dd 15 N with u. A recent modeling study suggests that resupply of nutrients to the surface waters in the PFZ during the summer period is greater than the SAZ [Wang et al., 2001] . If the PFZ does act as an open system (continuous resupply of source nitrate) and the SAZ a closed system, then the PN Dd 15 N in both regions would be expected to be similar. For example, at an isotope effect of 6% and a SAZ-like nitrate utilization (i.e., 0.34), Rayleigh fractionation equations suggest that PN Dd 15 N for a closed system (À4.8%) would be similar to PN Dd 15 N for an open system (À5.2%) at PFZ nitrate utilization (i.e., 0.13) and the same isotope effect (Figure 6c ). An open system in the PFZ can also help the apparent failure to achieve mass balance in the PFZ as the result of applying the wrong model for nitrate supply and uptake. Fitting an open system model to the PFZ nitrate data suggests that the accumulated product would be $0.5% higher in an open system than in a closed system, half the observed $1% difference between the closed system accumulated product and seasonal average PN d 15 N in the PFZ.
[52] The important point is that while the model-data comparisons of Figure 6b 
Summary
[53] In the SAZ and PFZ south of Australia, nitrate d 15 N varies in a manner consistent with fractionation during the seasonal depletion of nitrate by phytoplankton production. However, the tendency for the d 15 N of surface suspended material to decrease during the productive summer season suggests that ammonium recycling dominates the isotope dynamics of this N pool. The ammonium is itself generated from nitrate, so over sufficiently long timescales (e.g., winter to winter) for which there is no net change in ammonium concentration, isotopic mass balance between nitrate consumption and PN export production means that this assimilation of ammonium does not violate the principles behind the use of sinking PN d N results from more extreme particle reworking during the low flux period. However, a lower isotope effect for nitrate assimilation during the low-flux periods and the export of isotopically light non-particulate nitrogen early in the season are also possible explanations.
[54] Seasonally averaged mean PN d
15
N is higher in the SAZ than in the PFZ and thus is consistent with the relative extents of nitrate utilization, but the difference appears to be smaller than expected. Altabet and Francois, 2001] was similar in the SAZ and PFZ. We identified several factors that may at least partially explain the apparent lack of fidelity with mass balance in the PFZ, and/or the similarity between PN Dd 15 N in the SAZ and PFZ despite considerable differences in seasonal nitrate depletion. These include greater remineralization in the PFZ than the SAZ; differences in community composition leading to a lower isotope effect of nitrate assimilation in the PFZ (i.e., more big diatoms); continued nitrate supply during the productive season in the PFZ compared with closed system depletion in the SAZ; or variations in the export of non-particulate nitrogen between the regions. As such, these factors may also need to be considered when assessing glacial-interglacial variations in PN d [Francois et al., 1992 [Francois et al., , 1993 Sigman et al., 1999b] [Sigman et al., 1999b] . Alternatively, the LGM increase in PN d 15 N could be due to a lower isotope effect of nitrate assimilation at the LGM and export of 15 N-enriched phytoplankton (or possibly sea-ice algae) compared to that present in the modern ocean.
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